Introduction
============

The ability to estimate time is fundamental to human behavior. Over a few seconds, judging how long an event lasts appears effortless and easy, whether the duration is just a few seconds or longer and regardless of sensory modality. However, people do vary considerably in their abilities to estimate the duration of an event, and the neural mechanisms underlying such variability in time estimation remain poorly understood. It is unclear whether such individual abilities rely on a single modality-independent mechanism or different modality-specific mechanisms (Treisman et al., [@B58]; Lewis and Miall, [@B37]; Mauk and Buonomano, [@B39]; Ivry and Schlerf, [@B31]). Moreover, it is also unclear whether judging durations of just a few seconds and judging longer durations are supported by the same neural mechanisms (Poppel, [@B49]; Morillon et al., [@B46]).

Most approaches investigating the neural mechanisms underlying time estimation have related perception to neural activity averaged across small groups of individuals (Rao et al., [@B52]; Coull et al., [@B11]; Bueti et al., [@B8]; Cui et al., [@B12]). This approach necessarily ignores any variability in time perception across individuals, averaging across the data. To examine whether time perception across different durations or sensory modalities is supported by common or distinct mechanisms, we explicitly examined such variability in time estimation. We adopted an experimental design previously used in a study by Brown et al. ([@B7]) who specifically investigated individual differences in time estimation for supra-second durations of 2 and 12 s. Although the original study examined time estimation in the visual modality, alone we now extended the paradigm to the auditory modality to allow comparisons of individual differences across modalities. Systematic individual differences in time estimation correlated across different modalities or for different durations would support the existence of common underlying neural mechanisms across durations or for different modalities (Vogel and Awh, [@B61]).

To probe the neural structures underlying individual differences in auditory and visual time estimation, we further tested whether these behavioral measures were associated with variability in the anatomical microstructure of the brain measured using structural magnetic resonance imaging (MRI). Because brain structure is relatively invariant to the context in which it is measured, this provided a way to relate multiple different behavioral measures of time estimation to a single neural measure (Kanai and Rees, [@B34]). Brain structure is reliably associated with individual differences in motor performance or training on tasks such as juggling (May and Gaser, [@B40]; Ilg et al., [@B29]) and keyboard playing (Gaser and Schlaug, [@B23]), and can reflect differences in visual perception (Fleming et al., [@B19]; Kanai et al., [@B32]; Schwarzkopf et al., [@B54]). Here, we hypothesized that variability across participants in time estimation would be reflected in the anatomical neural structure of the human brain.

Materials and Methods {#s1}
=====================

Participants
------------

A group of 31 naive participants \[12 males and 19 females, aged 25.2 ± 4.9 (SD)\] took part in the main behavioral experiments and structural MRI scans. All had normal or corrected-to-normal vision, and normal hearing. Thirteen healthy participants \[seven females, aged 23.8 ± 4.25 (SD), normal or corrected-to-normal vision\] participated in the three control experiments. All participants gave written informed consent to participate in the study before participating in the study that had been approved by the local ethics committee.

Main experiments
----------------

### Stimuli

#### Visual

Visual stimuli were presented centrally on an SVGA 19″ monitor set at 1024 × 768 resolution and a refresh rate of 75 Hz, and were viewed from 58 cm distance. Following the design of a previous study of individual differences in time perception (Brown et al., [@B7]), the visual target (see Figure [1](#F1){ref-type="fig"}) consisted of a blue central rectangle with a purple inner border and a lavender outer border (Brown et al., [@B7]) subtending a visual angle of 14.14° × 6.61° (width × height). The fixation cross subtended a visual angle of 0.017° × 0.017°.

![**Experimental design (A) Depiction of a duration discrimination trial, presented either visually or aurally for shorter (2 s) or longer (12 s) durations**. Trials were blocked by condition and lasted for target duration (2 or 12 s respectively) or 10% longer. To begin each trial participants had to press a key. After stimulus offset participants had to indicate via button press whether target or non-target duration was presented in a 2AFC manner. **(B)** Predictions for common neural mechanisms across different modalities (orange arrow for shorter duration, red for longer duration) or for different durations (green for auditory, blue for visual) based on correlation strengths of the variability in time estimation.](fnint-05-00076-g001){#F1}

#### Auditory

The auditory stimulus was a sine wave at a frequency of 600 Hz and was conveyed via headphones. At the beginning of each experimental session (see below) the loudness level was subjectively adjusted for each participant to ensure that the participant heard the stimulus and the sound level was comfortable (not too loud).

### Experimental setup

Participants were given detailed instructions before the beginning of the first experimental session. Each participant undertook short training of 4--5 trials before the experiment began. Participants were instructed to keep their eyes still on the fixation cross that appeared on the screen throughout all the experimental trials (visual and auditory). Headphones were worn throughout all the experiment in all blocks and trials (visual and auditory). The monitor and a chin rest were mounted on a height-adjustable table, so that the distance between the head and the monitor was constant for all participants. The head position was fixed using the chin rest at a comfortable height for each participant, to minimize head and body motion. The experiment took place in a darkened testing room.

### Duration discrimination

Our behavioral experimental paradigm followed closely Brown's study (Brown et al., [@B7]) that examined individual differences in time perception for durations of 2 and 12 s in the visual modality, which we here also extended to audition. The experiment comprised four conditions in a factorial design: Vis2 (visual target of 2 s, non-target 2.2 s), Aud2 (auditory target of 2 s, non-target 2.2 s), Vis12 (visual target of 12 s, non-target 13.2 s), and Aud12 (auditory target of 12 s, non-target 13.2 s). The experiment was run in 12 blocks: 3 blocks for each of the 4 conditions (Vis2, Aud2, Vis12, and Aud12). In order to complete all the blocks participants attended three sessions (one session for the 2 s blocks and two sessions for the 12 s blocks), typically on two different days within the same week. Each session lasted 1--1.5 h.

Participants started either with the '2 s' or with the '12 s' blocks and completed all the 6 blocks of that specific duration before starting with the blocks of the other duration. Half of the participants started with the '2 s' blocks and half with the '12 s' blocks. Within a specific duration half of the participants started either with an auditory block and half with a visual block. Visual and auditory blocks of the same duration were interleaved and their order was controlled for within each participant (to control for potential learning effects) and between participants. A participant that started the '2 s' condition with a visual block started the '12 s' condition with an auditory block and vice versa.

Each block included 70 trials of the same modality and the same duration discrimination (either 2 s discrimination or 12 s discrimination), so that for each condition there were 210 trials (in the 3 blocks). Participants were notified before each block which modality they would be tested on next.

The 70 grouped trials in each block included 35 target trials (2 or 12 s depending on the block) and 35 longer-than-target trials (2.2 or 13.2 s accordingly, 10% longer-than-target). The order of trials within a block was random, and the participants were notified about this before the experiment began.

Participants were prompted by an instruction on the screen to press a key in order to start each trial (see Figure [1](#F1){ref-type="fig"}). Two-hundred milliseconds after they pressed a key, the stimulus appeared for target or non-target duration.

Participants were instructed to estimate covertly the duration of the stimulus and to respond promptly after stimulus offset whether the stimulus was present for "*exactly a certain duration*" (e.g., "exactly 2 s") or for "*more than a certain duration*" (e.g., "more than 2 s") in a two-alternative forced choice manner (see Figure [1](#F1){ref-type="fig"}) via key presses. No feedback was given. An inter-trial interval of 1500 ms displaying the fixation cross followed the participant response before the prompt for the next trial appeared. Participants were allowed to take breaks between trials within a block, although this rarely happened.

### Behavioral analysis

Participant responses to each block were classified as hits, misses, correct rejections, or false alarms with the 12 s trials being targets for this signal detection based analysis. For each participant response accuracy of each block was determined as (hits + correct rejections)/(all responses). Individual's accuracies on each of the three blocks of each condition (Vis2, Aud2, Vis12, Aud12) were averaged to yield four individual condition-based performance measures. D prime (*d*″) was calculated as the discrimination sensitivity for each condition \[i.e., the distance between the distributions of the targets (12 s) and the non-targets (13.2 s)\] according to the formula *d*″ = *Z*(hit rate) − *Z*(false alarm rate), where *Z*(*p*) is the inverse of the cumulative Gaussian distribution for *p* \[0,1\]. Since sensitivity measures (*d*″) were highly consistent with accuracy performance \[accuracy to *d*″ correlations were *R*^2^ ≥ 0.9, *t*~(29)~ ≥ 17, *p* \< 10^−15^, for all the conditions\] we report here the accuracy results.

Individual accuracy performances on each of the three blocks were taken as independent measures for the test--retest analysis. Test--retest results presented include correlation between the first and second blocks, or between the first and third blocks (to avoid dependent measures).

Correlation analyses between conditions (across durations or across modalities, see Figure [2](#F2){ref-type="fig"}A) were performed by correlating accuracy (or *d*″) measures of all participants (participant order fixed) between two conditions and assessing these for statistical significance in a conventional fashion.

![**Behavioral performance strongly correlated across different modalities of temporal judgments**. **(A)** Plots convey temporal estimation correlations between conditions either across modalities (top) or across durations (bottom). Colored arrows at the top of each plot correspond to the correlation arrows in Figure [1](#F1){ref-type="fig"}A. *x* and *y* axes indicate accuracy level (% correct) of specific conditions (condition name indicated on axis title). Each point depicts data from one participant (*n* = 31). Correlation strength and significance are indicated at the bottom right of each plot. See also Figures [6](#F6){ref-type="fig"}A--C. **(B)** Inter-individual variability in time estimation is strongly correlated across modalities **(A)** as depicted by thick arrows (orange for shorter durations, red for longer), indicating common neural mechanisms for time estimation across different modalities. Thin arrows (across durations) indicate weaker correlations.](fnint-05-00076-g002){#F2}

Control experiment 1
--------------------

### Estimating individual temporal discrimination ability for 12 s with original task and with finer adaptive method

We conducted an additional experiment to yield a finer psychometric measure of individuals' ability to discriminate intervals around 12 s. This was done by applying a Bayesian paradigm that efficiently estimates perceptual thresholds (QUEST; Watson and Pelli, [@B63]) to long duration discrimination sensitivity. We varied the duration increment applied to a 12 s pedestal and estimated the minimum increment that could be successfully discriminated at a level of 75% accuracy. In each trial, an interval of either 12 s or longer was presented. In trials of duration longer than 12 s, the duration increment (from the 12 s pedestal) was adaptively estimated by QUEST based on the participant's previous responses until that trial. Participants were informed that they had to judge whether a trial \[consisting of the appearance of a rectangle (Brown et al., [@B7]), as in the main experiment; see [Materials and Methods](#s1){ref-type="sec"}\] lasted for 12 s or longer, and that trials longer than 12 s could vary in duration. Trials of 12 s (6) were interspersed randomly among longer duration (14) trials. The temporal perceptual threshold was defined as the estimated duration increment that allowed each participant to discriminate 12 s and 12+ increment seconds at the predetermined accuracy level, as described above. All other procedures were as in the original main experiments 12 s discrimination task. Temporal discrimination ability according to the original task (discriminating 12 from 13.2 s) was also estimated. Each participant performed 10 trials of 12 or 13.2 s randomly ordered, following the original task experimental procedures.

Control experiment 2
--------------------

### Estimating individual temporal discrimination ability for 2 s with finer adaptive method

The ability of temporal discrimination for 2 s intervals was also estimated using the finer adaptive QUEST procedure described above (Watson and Pelli, [@B63]). The procedure was as described above for 12 s durations, but now for shorter 2 s durations.

Control experiment 3
--------------------

### Possible non-specific confounds

To examine whether the time discrimination ability measured for longer durations (12 s) was time-specific or reflected potentially confounding processes such as sustained attention or motivational factors we constructed a paradigm inspired by Coull et al. ([@B11]). In this new experimental paradigm, our participants performed either a temporal discrimination task (discriminating between 12 and 13.2 s durations) or a color discrimination task. In both tasks, the physical stimuli and presentation paradigm were identical and only the task that participants performed varied. The temporal discrimination task was identical to our main experimental task, to discriminate between 12 and 13.2 s durations while ignoring the colored flashing circles that appeared. In the color discrimination task participants had to attend the color of the circles that appeared and judge whether the color of the last appearing circle in a trial was identical to or different than the color of the preceding circle.

### Stimuli

Visual stimuli were presented centrally on a black background. A small white fixation empty circle (visual angle of 0.286°) appeared in the beginning of the trial at the center of the screen to indicate that the trial has started and remained present until the trial ended. During the trial a number of flickering colored circles appeared at the center of the screen. Each circle was presented for 250 ms, and had a diameter of 7.44° of visual angle when viewed from a distance of 50 cm. The circle colors were similar to the color shades reported by (Coull et al., [@B11]) and were reddish \[(*R*, *G*, *B*) = (139, 0, 65)\], pinkish (139, 7, 108), purple (116, 0, 213), another shade of purple (100, 19, 111), and blue (60, 20,168). The number of flickering circles in a trial varied across trials (between three and nine circles per trial, average of 6.25). The color order and the number of colors used varied across trials. The flickering circles appeared in an asynchronous manner within each trial (SOA between 400 and 7300 ms, mean 1831 ms), and the onsets of circle appearances varied across trials. The stimuli were presented at 1024 × 768 resolution and a refresh rate of 60 Hz via Cogent MATLAB toolbox (<http://www.vislab.ucl.ac.uk/cogent_2000.php>).

### Procedure

Prior to each condition (temporal or color discrimination) participants were instructed about the task and then underwent a four trial practice to check that they understood the instructions (see task descriptions above). Each participant then performed 36 main trials of that condition that were administered in 3 blocks (12 trials in each block). All 13 participants performed 36 trials of the time discrimination condition. Ten participants performed 36 trials of the color condition, and three participants performed only 24 trials of the color condition due to time constraints. In order to reduce expectancy of the upcoming stimuli, we created two ordering versions that differed only in the color flashing order and in the trial order within a block. The order of 12 and 13.2 s trials was counterbalanced within and across versions. Trials ending in different colored circles (expected response "different" in the color task) were also counter balanced, and we also ensured that half of the "different" colored trials were 12 s long and half were 13.2 s long, and the same for "same" colored circles. Factors such as number of circle appearances in a trial and distribution of the SOA between trials were also controlled for in the design of the experiment. Responses were provided via key presses.

### Analysis

Participant responses to each block were classified as correct or incorrect. Individual accuracy measures for the time task or the color task were averaged over all responses from the three blocks of that condition.

MRI data acquisition
--------------------

MR images were acquired on a 1.5-T Siemens Sonata MRI scanner (Siemens Medical, Erlangen, Germany) at The Wellcome Trust Centre for Neuroimaging, UCL. High-resolution anatomical images were acquired using a T1-weighted 3-D modified driven equilibrium Fourier transform (MDEFT) sequence (TR = 12.24 ms; TE = 3.56 ms; field of view = 256 mm × 256 mm; voxel size = 1 mm × 1 mm × 1 mm). During scanning, head motion was restrained by padding inserted between the participant's head and the head RF coil.

Structural MRI voxel-based morphometry analyses
-----------------------------------------------

For each participant the T1-weighted MR images were first segmented to gray matter (GM) and white matter (WM) using the segmentation tools in SPM8 (<http://www.fil.ion.ucl.ac.uk/spm>). Subsequently, we performed diffeomorphic anatomical registration through exponentiated lie algebra (DARTEL; Ashburner, [@B2]) in SPM8 for inter-participant registration of the GM images. The registered images were smoothed with a Gaussian kernel (FWHM = 8 mm) and were then transformed to MNI stereotactic space using affine and non-linear spatial normalization implemented in SPM8 for multiple regression analysis. The gender and age of the participants were included in the design matrix as covariates of no interest, and were thus regressed out. Multiple regression analysis was performed separately for each of the four conditions of the main experiment (Vis2, Aud2, Vis12, Aud12), each time with gender and age as the covariates of no interest. The global GM volume was also entered into the regression as an additional covariate following ANCOVA normalization. All analyses were applied with *p* \< 0.001 uncorrected as the criterion to detect voxels with a significant correlation with individual's temporal discrimination for each duration and modality. Following this we applied non-stationary whole-brain cluster-level correction to correct for non-uniform smoothness in the VBM data-set that affects cluster size inference (<http://fmri.wfubmc.edu/cms/NS-General>) (Worsley et al., [@B66]; Hayasaka et al., [@B28]) using SPM5. We report here only results that survived non-stationary correction for multiple comparisons across the whole-brain at a threshold of *p* \< 0.05 (see Figure [3](#F3){ref-type="fig"}).

![**Neural structural correlates of duration discrimination**. For each of the experimental conditions, shown in red to yellow (blue) are those cortical loci where our analyses of cortical thickness revealed a significant positive (negative) correlation between cortical thickness and duration discrimination (*p* \< 0.05, corrected) across the group of participants (*n* = 31). Aud2 (top left), Vis2 (top right), Aud12 (bottom left), Vis12 (bottom right). Data are shown overlaid onto an inflated template brain in a standard stereotactic space where sulci are represented in dark gray and gyri in light gray. Significant clusters are shown at *t*-values according to scale bar (bottom right) for visualization purposes (see Table [1](#T1){ref-type="table"} for further details). Note the common structural correlates for estimation of longer durations in right A1/PAC (primary auditory) and SII (secondary somatosensory) cortices for both longer visual and longer auditory durations. R, right; L, left; PHG, parahippocampal gyrus; Vis. Cort, visual cortex; lat, lateral; pos, posterior; vent, ventral.](fnint-05-00076-g003){#F3}

###### 

**Anatomical and statistical details of the brain regions where gray matter volume correlated significantly with inter-individual variability in duration discrimination ability**.

  Condition   Corr. sign   Region                                    MNI coordinates   VBM results details                        
  ----------- ------------ ----------------------------------------- ----------------- --------------------- ----- ------ ------- ------
  Aud12       pos          Right auditory and somatosensory cortex   35                −28                   24    7118   0.001   5.52
                                                                     39                −25                   16                   5.40
                                                                     39                −21                   10                   5.38
                                                                     41                −27                   4                    5.37
                                                                     41                −12                   10                   4.48
                                                                     42                −9                    16                   4.33
                                                                     36                −9                    22                   4.20
                                                                     50                −34                   18                   3.52
              neg          R-PHG                                     21                −36                   −14   901    0.007   4.92
                                                                     24                −28                   −18                  4.71
                           L-PHG                                     −23               −40                   −17   533    0.048   4.63
                                                                     −17               −43                   −9                   3.90
  Vis12       pos          Right auditory and somatosensory cortex   47                −10                   7     2467   0.008   4.71
                                                                     42                −25                   3                    4.70
                                                                     36                −9                    22                   4.13
                                                                     38                −27                   25                   3.93
                                                                     42                −27                   19                   3.92
                                                                     39                −21                   9                    3.88
                                                                     51                −27                   21                   3.68
              neg          R-PHG                                     15                −45                   −8    500    0.029   5.34
  Aud2        pos          L-visual                                  −21               −93                   6     1316   0.046   5.05
                                                                     −35               −93                   12                   4.27
              neg          L-SMA                                     −6                11                    67    810    0.07    5.18
                           R-LO                                      51                −43                   −12   783    0.069   4.85
  Vis2        pos          L-visual                                  −23               −97                   −3    1033   0.189   4.63
              neg          L-SMA                                     −2                0                     64    905    0.053   5.26

*For each cluster, the set of MNI coordinates indicate local maxima more than 4 mm apart within that cluster. Whole-brain corrected significant correlations (*p* \< 0.05) are emphasized in bold. R, right; L, left; PHG, parahippocampal gyrus; SMA, supplementary motor area; LO, lateral occipital*.

Overlaying VBM results on probabilistic atlas
---------------------------------------------

To localize more precisely the specific brain structures revealed in the different conditions with respect to the auditory and secondary somatosensory cortices' cyto-anatomical parcellations, we overlaid our statistical VBM maps on probabilistic histological-based atlases (Morosan et al., [@B47]; Rademacher et al., [@B50]; Eickhoff et al., [@B14],[@B15]; see Figure [4](#F4){ref-type="fig"}). These probabilistic atlases are based on cytoarchitectural postmortem analyses of human brains and provide a veridical estimate for the likelihood that a specific location within MNI stereotactic space (as used here) is within a specific brain structure. The regions delineated here were the A1/PAC structures (TE1.0, TE1.1, and TE1.2) and SII structures (OP1--OP4). For each of these brain structures the borders in Figure [4](#F4){ref-type="fig"} indicate a probability \>0.4 to be in that structure (i.e., each brain voxel with *p* \> 0.4 to be in that region is within the delineated borders).

![**Overlay of longer duration structural correlates on right A1/PAC (primary auditory) and SII (secondary somatosensory) cortices**. Cortical loci where our analyses of cortical thickness revealed a significant positive correlation between cortical thickness and longer auditory \[Aud12, **(A)**\] or longer visual \[Vis12, **(B)**\] duration discrimination shown in red to bright yellow (*t*-values indicated on scale bar) superimposed on structures of A1/PAC and SII. A1/PAC and SII structures are denoted by colored contours according to the legend at the bottom (see [Materials and Methods](#s1){ref-type="sec"}). Coronal (top) and sagittal (bottom) views. Arrows point to substantial portions of these structures that are correlated with longer duration discrimination ability, which are TE1.1 (PAC/A1, see orange arrows) and OP2--3 (SII, see blue and turquoise arrows). See also Figures [5](#F5){ref-type="fig"}A--C. R, right; L, left.](fnint-05-00076-g004){#F4}

Figures [5](#F5){ref-type="fig"}A--C provides further quantitative statistical estimates to the data presented in Figure [4](#F4){ref-type="fig"} (average statistics of longer duration discrimination structural correlates for each of the sensory structures).

![**(A)** Top: average *T* statistics of the Aud12 structural correlates *t*-map (as seen in Figure [3](#F3){ref-type="fig"} bottom left and in Figure [4](#F4){ref-type="fig"}A). For each structure of A1/PAC (i.e., TE1.0, TE1.1, TE1.2) and for each structure of SII (i.e., OP1--OP4) the average is done over all the MNI coordinates that are highly likely (probability of 60--100%) to be in that structure according to the Juelich atlas (<http://www.fz-juelich.de/inm/and> SPM toolbox <http://www.fz-juelich.de/ime/spm_anatomy_toolbox>). Bottom: same analysis for the Vis12 structural correlates. The data show that the structural correlates of Aud12 and Vis12 are robust within TE1.1, OP2, and OP3 and are highly consistent and stable within these regions. Error bars, SD. **(B)** Same as **(A)** but over all the MNI coordinates that have a medium likelihood (probability of 40--60%) to be in the structures of A1/PAC and SII according to the Juelich atlas (see above). **(C)** Same as **(A)** but over all the MNI coordinates that have some likelihood (probability of 10--40%) of being in the structures of A1/PAC and SII according to the Juelich atlas (see above).](fnint-05-00076-g005){#F5}

Results
=======

Temporal discrimination performance
-----------------------------------

A group of 31 healthy adult human participants made two alternative forced choice temporal increment discriminations on either shorter (\~2 s) or longer (\~12 s) supra-second duration stimuli presented in either visual or auditory modalities (see [Materials and Methods](#s1){ref-type="sec"} for full details and Figure [1](#F1){ref-type="fig"}). The experimental design thus represented a 2 × 2 factorial design where input modality and overall duration of the discriminated stimuli varied independently. This gave rise to four conditions, which we will refer to as Vis2, Aud2, Vis12, and Aud12.

We found large inter-individual variability in temporal discrimination ability in all four conditions \[Figure [2](#F2){ref-type="fig"}, Vis2: 50.7--72.9%, mean 60.4 ± 5.8% (SD); Aud2: 48.8--76.7%, mean 63.1 ± 6.8%; Vis12: 45.7--92.9%, mean 67.9 ± 11.4%; Aud12: 56.7--89%, mean 68.9 ± 9.9%\].

Across individuals, variability in behavior was strongly and significantly correlated across sensory modalities, both for the longer duration discriminations \[Vis12 to Aud12: *R*^2^ = 0.6499, *p* \< 10^−7^, *t*(29) = 7.33, see Figure [2](#F2){ref-type="fig"}A in red\] and for the shorter durations \[Vis2 to Aud2: *R*^2^ = 0.5199, *p* \< 10^−5^, *t*(29) = 5.6, see Figure [2](#F2){ref-type="fig"}A in orange).

Inter-individual correlations in temporal discrimination ability *within* a particular modality for different durations were considerably weaker than those between modalities described above, although reaching significance \[Aud2 to Aud12: *R*^2^ = 0.2376, *p* = 0.0054, *t*(29) = 3.01, see Figure [2](#F2){ref-type="fig"}A in green; Vis2 to Vis12: *R*^2^ = 0.1798, *p* = 0.018, *t*(29) = 2.52, Figure [2](#F2){ref-type="fig"}A in blue\]. We further confirmed this in our control experiments (see below).

We further verified the reliability of our behavioral temporal measures in additional experiments. Those included verifying that the temporal discrimination ability we measured for the longer durations was an accurate and valid way to characterize individual differences in temporal judgments, that the temporal discrimination measure was not too crude a measure for longer duration discrimination ability, that individual temporal ability was not influenced by non-temporal factors such as attention and motivational factors, and that inter-individual correlations in temporal discrimination ability for short and long durations were weak (see details below and Figure [6](#F6){ref-type="fig"}).

###### 

**(A)** Individual temporal discrimination ability for 12 s durations, as estimated by the original main experimental task and by a finer adaptive method (QUEST, see [Materials and Methods](#s1){ref-type="sec"}). Each point in the scatter plots (left plot in threshold values, right plot same data in ms units) represents data from one participant (*n* = 13). The number of ms (right plot *x* axis) represents the duration difference needed for that individual to discriminate longer 12 s durations at a fixed accuracy level of 75%. Discrimination accuracy when the duration difference is fixed (discrimination of 12 from 13.2 s) is indicated on the *y* axis. The significant correlations found between these two measurements indicate on the reliability of the original main experimental task for estimating individual longer temporal discriminations ability. **(B)** Time discrimination performance vs. color discrimination performance: experimental design and results. Top: timeline and stimuli from two experimental trials in the experiment. Same paradigm was used for time discrimination task or color discrimination task (see [Materials and Methods](#s1){ref-type="sec"}). The temporal task required discriminating between 12 and 13.2 s durations while ignoring the colored circles, the color task required discriminating between the colors of the last circle in the trial with the one preceding it ("same" or "different"). Expected responses according to the task are indicated on the top right corner. Both color and time task required attention and motivation throughout the task since the number of flashing circles and their appearances were unexpected \[number of circles per trial varied across trials and stimulus appearances were asynchronous (different SOA)\]. Bottom: correlation between individuals' longer temporal duration discrimination performance and color discrimination performance is not significant. Each point in the scatter plots (left plot *n* = 13, right plot *n* = 12 without the outlier) represents one individual. **(C)** Correlation between shorter duration and longer duration discrimination abilities across all participants based on a finer adaptive QUEST procedure (see [Materials and Methods](#s1){ref-type="sec"}). Each point in the scatter plots (left plot in threshold values, right plot same data in ms units) represents data from one participant. For shorter 2 s on *y* axis, and for longer 12 s on *x* axis, the number of ms (right plot) represents the duration difference needed for that individual to discriminate durations of that length at a fixed accuracy level of 75%. Thus, the duration difference for shorter durations does not correlate with the duration difference for longer durations, consistent with the results presented in Figure [2](#F2){ref-type="fig"}A bottom panels.
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Structural correlates of temporal discrimination performance
------------------------------------------------------------

We next examined whether the differences in temporal discrimination ability across individuals were reflected in the GM volume of any cortical regions. To address this question we used voxel-based morphometry analyses (Ashburner and Friston, [@B3]) of structural MRI images using individual performance on each of the four temporal discrimination conditions as regressors (see [Materials and Methods](#s1){ref-type="sec"} for full details). We then used statistical contrasts (see [Materials and Methods](#s1){ref-type="sec"}) to determine for each condition whether individual differences in behavior correlated with GM volume throughout the brain. Due to the exploratory nature of the analyses, we used a conservative statistical threshold corrected for multiple comparisons throughout the whole-brain.

### Longer auditory duration discrimination (Aud12)

We found one large cluster (7118 mm^3^) in the posterior part of lateral sulcus where GM volume exhibited significant correlation \[*t*(26) = 5.52, *p*(corr.) \< 0.001, *R* = 0.74) with inter-individual variability in temporal discrimination performance (see Figure [3](#F3){ref-type="fig"} bottom left, Table [1](#T1){ref-type="table"} for full loci details). Anatomically, this cluster stretched from the posterior segment of the lateral sulcus on its most medial (inner) aspect extending anteriorly onto both the inferior and superior banks of the lateral sulcus, into the circular insular sulcus on the inferior and superior segments. On the inferior bank of the lateral sulcus this cluster extended to and included the short insular gyrus and Heschl's (transverse temporal) gyri, and on the superior bank it extended to and included the parietal and central/rolandic operculum (see Figure [4](#F4){ref-type="fig"}A). This cluster comprised primary auditory cortex (PAC/A1) structure TE1.1 (Morosan et al., [@B47]; Rademacher et al., [@B50]), and secondary somatosensory structures OP2--OP3 (Eickhoff et al., [@B14],[@B15]; see Figures [4](#F4){ref-type="fig"}A and [5](#F5){ref-type="fig"}A--C for more details). In addition the GM volumes of bilateral parahippocampal gyri were significantly negatively correlated \[*t*(26) = 4.92, *p*(corr.) = 0.007, *R* = −0.70, *t*(26) = 4.63, *p*(corr.) = 0.048, *R* = −0.68 for right and left respectively, see Table [1](#T1){ref-type="table"} for full details\] with individual differences in Aud12 performance. No other brain regions exhibited positive or negative correlation with inter-individual variability in performance in this condition (*p* \> 0.05, whole-brain corrected).

### Longer visual duration discrimination (Vis12)

We identified one large cluster (2467 mm^3^) in the posterior part of lateral sulcus anatomically extending into the right auditory and somatosensory cortices where GM volume positively and significantly correlated \[*t*(26) = 4.71, *p*(corr.) = 0.008, *R* = 0.68\] with inter-individual variability in temporal discrimination performance in the Vis12 condition. This region exhibited extensive overlap with the areas that correlated with individuals' performance in the Aud12 condition \[cf. Figure [3](#F3){ref-type="fig"} bottom right and left (Aud12), and Figure [4](#F4){ref-type="fig"}B with Figure [4](#F4){ref-type="fig"}A (Aud12), see also Table [1](#T1){ref-type="table"}\]. It stretched from the posterior segment of the lateral sulcus on its most medial (inner) aspect extending anterior wise on both the inferior and superior banks of the lateral sulcus, into the posterior aspects of the circular insular sulcus (inferior and superior segments). On the inferior bank of the lateral sulcus this cluster extended to and included the short insular gyrus and Heschl's (transverse temporal) gyri, and on the superior bank it included the parietal operculum, the posterior part of the circular insular sulcus, and then the anterior part of the circular insular sulcus without the middle part of it (see Figure [4](#F4){ref-type="fig"}B). This cluster comprised PAC/A1 structure TE1.1 (Morosan et al., [@B47]; Rademacher et al., [@B50]), and secondary somatosensory structures OP2--OP3 (Eickhoff et al., [@B14],[@B15]; see Figures [5](#F5){ref-type="fig"}A--C for more details), similar to the sensory structures revealed in Aud12 analysis. In addition, GM volume in the right parahippocampal region was significantly and negatively correlated \[*t*(26) = 5.34, *p*(corr.) = 0.029, *R* = −0.72\] with individuals' ability to discriminate visually presented longer durations. Again, this overlapped with the areas identified as showing similar negative correlations with the longer auditory duration discrimination (cf. Figure [3](#F3){ref-type="fig"} Vis12 and Aud12 ventral views, and see Table [1](#T1){ref-type="table"}).

### Shorter auditory duration discrimination (Aud2)

We found that only one region, in left extrastriate visual cortex (Figure [3](#F3){ref-type="fig"}; Table [1](#T1){ref-type="table"}), where GM volume showed a significant positive correlation with individuals' performance in the shorter auditory duration discrimination task \[*t*(26) = 5.05, *p*(corr.) = 0.046, *R* = 0.71\]. No other regions showed a positive or negative correlation between GM volume and duration discrimination performance of shorter auditory durations at the whole-brain corrected level of statistical significance (*p* \< 0.05 corrected). For completeness, we examined the data at a more lenient threshold (*p* \< 0.001 uncorrected) but this did not reveal any significant correlation between auditory or somatosensory cortex GM volume and shorter duration auditory temporal discrimination performance.

### Shorter visual duration discrimination (Vis2)

At our conservative whole-brain corrected threshold, we did not identify any brain region that showed a positive (or negative) correlation between GM volume and individuals' performance on shorter visual duration discriminations. For completeness, we also examined the data at a more lenient threshold (*p* \< 0.001 uncorrected). This revealed a region in left extrastriate visual cortex (Figure [3](#F3){ref-type="fig"}; Table [1](#T1){ref-type="table"}) where GM volume was positively correlated with performance \[*t*(26) = 4.63, *p*(corr.) = 0.189, *R* = 0.68\]. This area partially overlapped the left extrastriate locus whose GM volume correlated with shorter duration auditory discrimination performance (cf. Figure [3](#F3){ref-type="fig"} Vis2 and Aud2, and see Table [1](#T1){ref-type="table"}).

Reliability of performance measurements
---------------------------------------

To verify that the temporal discrimination ability we measured for the longer durations (discriminating between two fixed durations of 12 and 13.2 s) was an accurate and valid way to characterize individual differences in temporal judgments, we assessed test--retest reliability for individual performance. Test--retest reliability on a block to block basis was highly significant \[blocks 1--2 and 1--3 correlations: Vis12: *R*^2^ \> 0.397, *t*~(29)~ \> 4.37, *p* \< 10^−3^; Aud12: *R*^2^ \> 0.357, *t*~(29)~ \> 4.01, *p* \< 10^−3^; Vis2: *R*^2^ \> 0.201, *t*~(29)~ \> 2.7, *p* \< 0.02; Aud2: *R*^2^ \> 0.239, *t* \> 3, *p* \< 0.01\].

In order to validate that the temporal discrimination measure was not too crude a measure for longer duration discrimination ability, we performed additional measurements to compare inter-individual variability in the original temporal discrimination estimates (12 vs. 13.2 s) to that for finer temporal estimates (see control experiments and Figure [6](#F6){ref-type="fig"}). Using an adaptive staircase method (QUEST, see [Materials and Methods](#s1){ref-type="sec"}) we estimated the minimum duration difference enabling an individual to discriminate a 12 s stimulus presentation. We found that inter-individual variability in accuracy levels on the 12 vs. 13.2 s discrimination task (our original measurement) were significantly correlated with this duration difference measure \[*R*^2^ = 0.2951, *p* = 0.028, *t*~(11)~ = −2.15, see Figure [6](#F6){ref-type="fig"}A and Materials and Methods\]. Thus, accuracy levels in our original task reliably predicted individual time increment discrimination ability for 12 s intervals.

To control for non-temporal factors that could underlie longer duration discrimination performance such as sustained attention ability or motivational factors, we further measured in a third behavioral experiment whether temporal estimation ability correlated with non-temporal color discrimination ability for the same physical stimuli while systematically manipulating task requirements (paradigm inspired by Coull et al., [@B11]; see Figure [6](#F6){ref-type="fig"}B and Materials and Methods for details). We deliberately ensured both temporal and non-temporal (color) tasks were of comparable difficulty and both required sustained attention during task performance. Consequently lack of association between individuals' performance on temporal and color discrimination tasks would indicate that an individual's longer duration discrimination performance was related to temporal estimation ability and not to other non-temporal factors. Consistent with this hypothesis, we found that there was no significant correlation between longer duration discrimination and color discrimination \[*R*^2^ = 0.0028, *p* \> 0.86, *t*~(11)~ = −0.174, see Figure [6](#F6){ref-type="fig"}B and Materials and Methods). Thus, our behavioral results (Figure [2](#F2){ref-type="fig"}B, red and orange connections) suggest a common neural mechanism across sensory modalities underlying variability in temporal discrimination ability that does not reflect sustained attention or other non-temporal factors.

We further assessed whether the weaker correlations between the longer and shorter duration discrimination performance might have originated from factors such as the poorer performance or smaller variability in performance on shorter durations, from task differences, or since shorter and longer duration discriminations were not necessarily measured on the same session. To do this, we used the same adaptive staircase method (QUEST, see [Materials and Methods](#s1){ref-type="sec"}) to estimate temporal difference discrimination for shorter intervals (2 s). Since the method was adaptive, it estimated an individual's sensitivity for shorter (or longer, see above) durations without imposing fixed durations (as in our original task) that might have led to floor performance or enhanced task difficulty in the shorter duration conditions. We then examined the relationship between these finer estimations of individual sensitivities for longer and shorter durations. Consistent with our original analyses, individual sensitivities for longer and shorter durations were not significantly correlated \[*R*^2^ = 0.021, *p* = 0.318, *t*(11) = −0.485, see Figure [6](#F6){ref-type="fig"}C and Materials and Methods\]. Thus, it seems that individual temporal estimation ability is consistent across modalities, yet estimation of shorter durations of 2 s and longer durations of 12 s may rely on different underlying mechanisms (Fortin and Couture, [@B20]; Ulbrich et al., [@B59]).

Discussion
==========

We examined whether the ability to estimate time for different supra-second durations or in different sensory modalities was associated with common mechanisms (Treisman, [@B57]; Treisman et al., [@B58]; Buonomano and Merzenich, [@B10]; Poppel, [@B49]; Rammsayer, [@B51]; Lewis and Miall, [@B37]; Mauk and Buonomano, [@B39]; Buhusi and Meck, [@B9]; Karmarkar and Buonomano, [@B36]; Bueti et al., [@B8]; Ivry and Schlerf, [@B31]; Vogel and Awh, [@B61]; Cui et al., [@B12]). Rather than discarding the differences that exist among individuals in their ability to estimate time, we used these individual differences to probe the underlying brain structure, reasoning that variability in time estimation would exhibit correlations with the GM volume of structures involved in such a process.

We found that the ability to estimate temporal durations was significantly correlated across input modalities (for either longer or shorter durations) suggesting a common neural mechanism associated with variability in time estimation across sensory modalities. For longer durations of 12 s we found that the structure (GM volume) of right auditory and somatosensory cortices, as well as parahippocampal gyri, predicted an individual's ability to discriminate longer durations in both auditory and visual modalities.

For shorter duration discriminations, results were less consistent. The GM volume in left extrastriate cortex predicted inter-individual variability in the shorter auditory duration discriminations. As with longer duration discriminations, there was overlap of cortical structures showing an association with inter-individual variation in temporal discrimination in different modalities. However, the GM volume of extrastriate cortex was only associated with shorter duration visual discriminations at a lower (uncorrected) statistical threshold and did not reach our stringent (whole-brain corrected) levels of significance set for our exploratory study. This shortcoming could be due to lower performance levels in the shorter duration conditions and the smaller variability in performance compared to the longer duration conditions. Thus, we cannot conclude at this point whether inter-individual variability in short duration estimation is reflected in extrastriate cortex structure in a modality-specific manner or not. Further research should therefore seek to replicate these findings before advancing particular theoretical interpretations.

Our principal findings that the GM density of primary auditory and secondary somatosensory cortices reflected both auditory and visual longer duration discrimination performance are interesting because neither of these cortices typically responds to visual stimulation *per se*. This suggests that these regions are involved in timing-related functions independent of sensory modality beyond unimodal sensory processing. Such a notion is consistent with a growing body of evidence that early sensory areas, which are previously thought to be purely unimodal, play roles in multi-modal sensory processing. For example, although there is an evident tonotopic organization in PAC/A1, many multisensory factors influence processing in PAC/A1 (Ghazanfar and Schroeder, [@B24]). Moreover, in addition to a coarse somatotopic organization of secondary somatosensory cortex evident in OP1 and OP4 structures and to a minor extent in OP3 (Disbrow et al., [@B13]; Eickhoff et al., [@B17]), association and multi-modal integration functions have been proposed for human secondary somatosensory cortex (Robinson and Burton, [@B53]; Eickhoff et al., [@B14]). The OP2 structure may participate in the vestibular cortical network (Eickhoff et al., [@B16]), and a recent study shows that the accuracy of temporal perception over seconds correlates with the ability to estimate bodily interoceptive (heartbeat) perception. Interoceptive perception is associated with activity in lateral sulcus/insular cortex (Meissner and Wittmann, [@B44]). Here, we showed that temporal ability for longer durations was related to the GM volume of different sensory cortices, conceivably to provide a more precise sense of time from multiple sources. The modality-independent roles of these structures in temporal processing shed a new light on the functionality of these regions and support the idea that these cortices are not as modality-specific as previously considered.

Our finding that GM structure of parahippocampal gyrus was negatively correlated with temporal discrimination ability for longer durations is intriguing. Several studies show that hippocampal regions are associated with temporal processing. For example, lesions to hippocampal regions in rats lead to underestimation of time intervals, while lesions to frontal regions produce opposite effects (Meck, [@B41]). Lesions to rat hippocampus (but not frontal cortex), produces "temporal amnesia" to the working memory of a prolonged interval (Meck et al., [@B42], [@B43]; Olton et al., [@B48]). A recent study shows that rat hippocampal firing patterns can predict elapsed time in the order of seconds with very high precision (Itskov et al., [@B30]). In humans, several lesion studies point to the involvement of temporal and middle temporal lesions in timing of supra-second durations (Vidalaki et al., [@B60]; Melgire et al., [@B45]). This suggests that hippocampal regions may be a source of activity that supports estimations of longer durations -- a process that might conceivably be contributing to successful performance in our study in the longer duration discrimination tasks. Yet the negative correlations we find suggest that smaller GM volume in the parahippocampal gyri was associated with improved temporal ability for longer durations. Several studies suggest that the process of pruning (Goldin et al., [@B27]; Kantor and Kolodkin, [@B35]; Watts et al., [@B64]; Low and Cheng, [@B38]), where excessive neural connections are "diluted" in a regulated manner to achieve more efficient neural networks, occurs in the hippocampus (Gao et al., [@B22]; Bagri et al., [@B5]; Gogtay et al., [@B25], [@B26]; Faulkner et al., [@B18]). These effects are attributed to the plasticity of the hippocampus following dynamic functions it serves such as memory and navigation. Thus, pruning processes to hippocampal structures that are related to temporal processing (Itskov et al., [@B30]) may underlie enhanced abilities for longer duration estimation.

Our findings also demonstrate that estimation of time is associated with local changes in brain structure. Several studies suggest that neural activity in the regions where we observed a correlation between brain structure and ability to discriminate time is related to time processing. fMRI signals in adjacent regions of cortex at coordinates overlapping with the areas of somatosensory and auditory cortices where we observed correlations between brain structure and discrimination ability selectively increase during the encoding of long duration intervals (\~9--18 s), but not during either short interval encoding or reproduction of time intervals (Wittmann et al., [@B65]). Moreover, MEG signals in right auditory cortex and also in parahippocampal regions very similar to the regions where we found an association between structure and temporal discrimination performance, are associated with the encoding of temporal intervals. The activity of these regions is modulated according to the temporal metrics of the sequence (Fujioka et al., [@B21]). Furthermore, auditory cortex plays a causal role in time related processing as transcranial magnetic stimulation (TMS) applied to right auditory cortex impairs time related processing (Bueti et al., [@B8]; Bolognini et al., [@B6]) independent of input modality (Kanai et al., [@B33]). Taken together, our anatomical study goes beyond these purely functional studies to provide converging evidence for the involvement of primary auditory, secondary somatosensory and parahippocampal cortices in temporal aspects of sensory discrimination. It remains an open question whether the structural variability we found across participants is also associated with variability in activation of these regions.

Could these local changes in brain structure associated with individual time estimation ability for longer durations be attributed to a genetic origin? Recent studies show that individual's veridical supra-second duration representation is influenced by genetic factors such as serotonin-related genes (Wackermann and Ehm, [@B62]; Sysoeva et al., [@B55]). Other studies provide evidence for genetic influence on brain structure (Baare et al., [@B4]; Thompson et al., [@B56]; Wright et al., [@B67]). Hence individual's time estimation ability for supra-second duration could be driven by genetic factors, however this has to be tested directly in future studies.

One possible cognitive mechanism to account for our findings is that individual ability to successfully discriminate longer durations relies on one's ability to maintain a consistent and stable rhythm over time, whether through counting, rehearsing a musical piece, or some other mental process. The right auditory and secondary somatosensory cortices and perhaps adjacent amodal association cortices as well as the parahippocampal regions could be orchestrating such rhythmic activity at various time scales (Ahissar and Vaadia, [@B1]; E. Ahissar, personal communication). Thus, we speculate the differences in the structure of the right auditory and secondary somatosensory cortices that exist between individuals may result in differences in the ability to maintain such internal rhythms.

Conclusion
==========

Our study revealed a significant variability in individuals' ability to discriminate supra-second durations, whether shorter or longer durations, and through different modalities. This variability was very consistent across modalities, suggesting a common neural mechanism for temporal discrimination across modalities. The neural structure of right sensory cortices including A1 and SII sub-structures was significantly and positively correlated with individual ability to discriminate longer durations regardless of whether provided through vision or audition. Our findings show that the amodal sense of time is reflected in brain structure, and interestingly in the brain structure of sensory cortices, suggesting that the roles of these sensory cortices extend beyond modality-specific processing into the temporal perception domain.
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